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Abstract 
Specific surfaces allowing Ultra-High Vacuum (UHV) investigations are required for the successful development of atomic 
nanostructures. Surface contamination, atomic roughness and defects density must be controlled in order to ensure the reliability 
of advanced UHV experiments. Surface preparation is a key parameter and is usually conducted in-situ in the UHV chamber. 
However the surface preparation requires a complex protocol. A microelectronic clean room environment enables the particles 
density control and enables 200 mm wafer scale developments, especially Si(001)-(2x1):H surface reconstruction. However, this 
passivated surface is reactive and can be easily deteriorated, particularly during transportation. Consequently, a nanopackaging 
solution is proposed in order to provide a preserving environment for transportation. The nanopackaging process consists in the 
direct bonding of two passivated silicon surfaces, and is followed by a wafer dicing step into 1cm² dies. Samples can be stored, 
shipped and in-situ opened without additional treatment. Furthermore, these samples can provide a reliable surface onto which 
molecular grafting can be accomplished. The fabrication modules and the associated characterization results will be described as 
well as atomic nanostructure manipulations and especially the grafting of a self-assembled monolayer using supercritical carbon 
dioxide as a medium. 
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1. Introduction 
Surface preparations are widely used in laboratory to study organic or inorganic objects. The atomic scale device 
needs to be achieved on a reconstructed surface to avoid any variability while working. The protocol and the 
environment control are the key parameters and detailed studies on the environmental impact on the surface 
demonstrate contamination during air exposure [1]. In this study, the surface preparation is achieved in a clean room 
whereas the surface modification is conducted in a dedicated environment. Typically, surface contamination can 
happen during the surface shipment between different laboratories. We propose our recent developments on silicon 
technologies dedicated to the packaging of nano-objects. These technologies aim at both protecting and connecting a 
nano-scale device positioned on a reconstructed Si(001)-(2x1):H surface.  
2. Nanopackaging: interposer description 
These technological developments aim at interfacing a molecular or atomic circuit with a silicon or Silicon On 
Insulator (SOI) substrate. The latter should feature a specifically reconstructed surface, protected with a disposable 
cap and a connecting module enabling the electrical characterization of the circuit, from the nanoscale to the micro 
scale. The architecture of such a nanopackaging interposer is shown on Fig. 1. 
Fig.1. A SOI interposer connecting a nano-object from the inside of a cavity to the outside. A temporary cap containing a cavity provides the 
hermeticity and ensures the molecule protection. 
The micro-nano interposer is composed of a temporary silicon cap bonded on a SOI substrate. The upper substrate 
defines the cap which is hermetically bonded and enables the surface protection. The cap is moreover equipped with 
lateral bevels to facilitate its release. The second part is a SOI substrate containing the nano-object. This one is 
connected to nano-pads consisting in doped zones in the SOI part of the interposer. These implanted areas are linked 
to nano-vias. They are etched through the oxide layer of the SOI substrate, after the preparation of a deep cavity in 
the silicon bulk part of the substrate. The surface size specification for an atomic circuit fabrication is about 
100x100 nm² which requests the surface to present terraces with a similar size. The reconstruction of the surface is 
carried out at high temperature (950°C to 1100°C) under hydrogen atmosphere [2]. It has been demonstrated that in 
these operating conditions, the surface is reorganized according to a Si(001)-(2x1):H structure [3]. Moreover, the 
surface protection must also be performed at the end of the integration process, just after achieving the nano-device.  
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3. Interposer fabrication 
The fabrication of the interposer is composed of the following process steps: the first one is a chemical cleaning 
named “HF last” implemented in order to remove particles and metal contamination. This wet chemical treatment 
provides a hydrophobic surface. Reduced Pressure Chemical Vapor Deposition reactor (RP-CVD) using hydrogen 
gas ensures the reconstruction of the surface (2x1) and Si-H terminated on a (100) silicon surface. The protection of 
the reconstructed surface is provided by hydrophobic direct bonding with a second reconstructed surface wafer with 
the same quality (temporary silicon cap). The bonded wafers are diced into 1 cm² samples in order to be loaded in a 
UHV chamber or in a reactor for self-assembled monolayer applications.  
3.1. Wet cleaning and reconstruction of the surface 
A“HF-Last” process has been used in order to obtain an oxide-free, hydrophobic silicon surface. This wet 
chemical treatment consists on immersing the wafers on a SC1 and SC2 baths [4], followed by an immersion in a 
very dilute (0.2% to 1%) ultrahigh-purity hydrofluoridric acid (HF) bath. Final rinsing and drying process steps have 
been included in this chemical sequence [4]. The SC1 and SC2 chemical sequence has been chosen in order to obtain 
wafers free of any particles and contaminants; the HF has provided a hydrogen-passivated silicon surface.  
Regarding the well-ordered surface topic, the reconstruction process has been conducted in a RP-CVD and it can 
be decomposed in 3 steps. The first one consists in an annealing in a hydrogen atmosphere at high temperature 
between 950°C and 1100°C and leads to the removal of the remaining thin chemical or native oxide. The second step 
consists in a thin Si epitaxial growth (a few nanometers thick layer). And the last step is based on the hydrogen 
annealing between 950°C to 1100°C in order to enable surface reconstruction and hydrophobic surfaces. The third 
step has been identified as a key process step: the largest terraces (500 nm wide) have been obtained using a 
hydrogen annealing temperature of 1100°C and a low defect density (1 defect per 50 nm2) has been measured. This 
value is consistent with the literature describing defect density less than 1 % of the STM image area [5].
3.2. Bonding and dicing 
Finally this SOI substrate has been capped with a surface reconstructed top silicon wafer. The direct bonding 
process has been performed under a clean room atmosphere (RH 40%) at room temperature (RT). It consists in 
putting into close contact the two as-reconstructed surfaces. The delay between the reconstruction process and the 
bonding step is kept below 1 hour. Bonding energy measurement relies on a measurement of the strength between 
the two bonded wafers. Bonding energies of reconstructed surfaces have been compared to the values measured on 
non-reconstructed silicon wafers (reference). It is well known that the bonding energy for reference is very low (< 
20mJ/m²) at room temperature [6]. Bonding energies of reconstructed surfaces are measured more than 5 times 
higher than the reference surface at RT and the values generally obtained are between 110mJ/m² to 140mJ/m². If 
such bonding is submitted to annealing, bonding energies increase slightly as long as the annealing temperature 
remains below 200°C and increase strongly beyond 300°C. Such bonding energies have been demonstrated to be 
well suited for dicing and for subsequent debonding without surface damaging.  
Another achievement has been implemented with the fabrication of samples including etched bevels, which aims 
at avoiding substrates wasting and provides an easier debonding when a blade is introduced for the samples opening. 
A mask has thus been designed with trenches (1.3mm wide and 50 µm deep). Dicing the bonded substrates in the 
middle of the trenches thus enables the singulation of dies with two etched bevels 500µm wide and 50µm deep. The 
bonding with this patterned substrate has been successfully performed. A Scanning Acoustic Microscope (SAM) 
picture of two bonded wafers before dicing is shown on Fig.2 and depicts a patterned silicon cap wafer bonded with 
an SOI substrate. The left part of the silicon cap wafer includes a cavity while the right part does not have it. No 
bonding defects have been observed on both parts of the wafer. 
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Fig.2. Scanning Acoustic Microscope (SAM) picture of bonded wafers (SOI substrate with Si cap with etched bevels). The left part includes 
cavity in the center of the dies, the right part have been fabricated without cavities. 
Samples have been diced as shown in Fig.3, where one of the etched bevels is visible. As the depth of the bevel is 
50µm, a thin blade (i.e 100µm thick blade) is well suited for the opening. The silicon temporary cap size is 10 mm x 
10 mm and the molecular chip size is 10mm x 12 mm after dicing, as the nanopackaged die includes a holding strip. 
This part is particularly adapted for UHV holder and sample loading, providing a better mounting on the holder and 
an easily debonding.  
Fig.3. (a) Photography of sample obtained after dicing (b) description of the nanopackaging device 
This temporary bonding enables shipment to collaborators in order to study the surface after debonding in the 
UHV chamber. The hermiticity is ensured by the direct bonding of the cap and no contamination has been detected 
after sample opening. 
3.3. Surface characterization after debonding 
After surface reconstruction and bonding, the SiHx surface density has been investigated with FTIR-MIR 
spectroscopy. These results demonstrate a hydrogen-passivated silicon surface saturated by SiH bonds only. The 
measurements of SiH peaks for “non-bonded” (2080 cm-1 and 2095 cm-1) and bonded (2065 cm-1 and 2075 cm-1) 
reconstructed surfaces are depicted in the Fig.4. FTIR-MIR spectrum shows significantly altered spectral shape: the 
peaks are shifted to lower frequency. This phenomena has already been observed by Weldon et al. for Si(111) 
reconstructed surface bonding [7]. To explain this frequency shift, one should consider the modification of the 
monohydride environment due to the neighboring second wafer surface bonded. 
Bevel 
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Fig.4. Typical FTIR MIR measurements of SiH peaks for “non-bonded” (2080 cm-1 and 2095 cm-1) and bonded (2065 cm-1 and 2075 cm-1) 
reconstructed surfaces. Frequency shift of the SiH peaks are explained by the presence of a bonded substrate  
To conclude, The FTIR-MIR analysis has demonstrated the presence of monohydrides. Consequently a hydrogen 
passivated surface has been correctly obtained. The micro-roughness and topography on the reconstructed surfaces 
have been also investigated with a multimode AFM. The following methodology has been applied: wafers have 
been cleaned, reconstructed, bonded and stored for 2 months. They have been debonded and surfaces have been 
characterized by AFM. The smoothed silicon terraces with single atomic step edges can be observed in the Fig.5(a). 
The mean terrace width has been measured at 500 nm. An additional characterization with a Scanning Tunneling 
Microscopy (STM) characterization of the debonded Si(100):H surface at 4 K has been performed. These 
characterizations have been carried out in a UHV system with a base pressure of 5x10-11 mbar. The UHV system 
consists of three interconnected chambers incorporating high resolution SEM, LEED optics and low temperature 
STM. Results are depicted on the Fig.5(b) where a representative 100 nm x 100 nm filled state image is shown [7]. 
The high resolution STM scans of the de-bonded sample clearly show that the surface is passivated by a monolayer 
of hydrogen atoms, which forms a stable monohydride (2×1) phase in which each Si surface atom is bound to one H 
atom. The agglomerations of defects (white corrugations) and holes (brown areas) are observed on the atomically 
large terraces. The average defect densities estimated from several STM scans on the debonded surfaces is about 1 
defect per 50 nm2. This defect density has been consistent with the literature [5], however further investigations are 
running to study the surface reconstruction impact and the debonding effect. To conclude, the reconstructed Si(001)-
(2x1):H surface has been successfully observed at the atomic scale and can be used for nanodevice fabrication.
Fig.5. (a) AFM observation after reconstruction surface, the scan size is 5µm x 5µm. (b) Scanning Tunneling Microscopy (STM) 
characterization of a debonded Si(100):H surface at 4 K. Filled state imaging: -2V, 10 pA. 
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4. Applications on capped samples 
The Si(001)-(2x1):H surface can be used for different applications and several examples of use conducted in a UHV 
environment are presented. The preliminary results on self-assembly monolayer grafting are also described. 
4.1. Nano devices fabrication using UHV system 
Using the same UHV system alluded in the previous paragraph, the nanopackaged substrates have been debonded 
and mounted in the load lock chamber attached to a cryogenic Low Temperature STM/SEM system. Hydrogen 
atoms desorption has been induced providing single or dimer dangling bonds. More complex “gate like” structures 
have been demonstrated [8]. These Si(001)-(2x1):H surfaces are also interesting for STM-based lithography. 
Phosphorus-doped nanowires can also be fabricated based on STM lithography. Typically, a 4-atom-wide (1.5 nm), 
one-atom-tall and 106-nm-long nanowire has been demonstrated in the literature [8] and has been connected to 
source/drain leads. These applications have demonstrated that nanopackaged samples can ensure the surface 
protection, and allow their transportation and storage for several months in air. The atomically well-ordered Si(001)-
(2x1):H surface can be prepared in a cleanroom environment using 200mm silicon wafers. It demonstrates the great 
potential of this technology in future production of functional electronic devices at the nanoscale. 
4.2. Self-Assembled Monolayer Grafting 
Hydrogen-passivated silicon surface, after being exposed to air, are stable only for 20-30 minutes. To extend the 
passivation capabilities of this hydrogen-passivated surface, monolayers can be employed to provide stability to 
oxide free silicon during the subsequent processing steps [10, 11]. Apart from passivation, recently, monolayers 
have also been employed to control and modulate the surface properties, which are becoming increasingly important 
considering the continuous downsizing of devices [12-14]. In this paper, a monolayer of octadecanol has been 
deposited on hydrogen-passivated surface using supercritical carbon dioxide (SCCO2) as a carrier fluid. SCCO2 has 
been shown to deposit better quality monolayers in terms of density and uniformity as compared to liquid organic 
based conventional methods [15-18]. In our previous work, we have successfully deposited monolayers of alcohols, 
silanes and chloroalkanes on hydrogen-passivated surfaces with significant reduction in processing time [19]. 
Advantage of SCCO2 lies in its favorable properties for monolayer deposition, in brief, enhanced transport properties 
of SCCO2. Its high diffusivity and low viscosity favor the kinetics of the monolayer formation [20-25]. Furthermore, 
the absence of surface tension and the inert nature of SCCO2 allow the formation of uniform monolayers, especially 
important for the hydrogen-passivated silicon surface due to its sensitivity to the presence of oxygen in the 
processing medium. Currently, hydrogen-passivated oxide free silicon is obtained using wet chemical etching with a 
dilute solution of either HF or NH4F depending on the crystal orientation of the silicon substrate. But, since these 
methods are carried out under ambient atmosphere, the resulting surface has impurities and surface defects. Effect of 
these resulting defects is also translated into the monolayers quality, making it difficult to precisely control the 
surface properties. Nanopackaged passivated surface, owing to its pristine surface and low surface defects, is 
expected to allow more uniform monolayer formation. In the first part of the work, SCCO2 is demonstrated to 
successfully deposit octadecanol monolayer on nanopackaged silicon surface. Later on, preliminary comparative 
studies have been carried out to observe the effect of hydrogen passivation method on monolayer quality.  
4.2.1. Materials and Methods: 
Regarding materials and methods aspects, nanopackaged silicon surfaces have been prepared as described in a 
previous paragraph. These samples have been compared to reference samples: Si(100) silicon wafers (from Silicon 
Valley Microelectronics, Inc.), 0·65-mm thick, p-doped (boron: 1016/cm3,1-20 ȍ-cm,), polished on one side, and 
with a native oxide layer have been used. A wet chemical etching has been carried out as follows: clean Si (100) 
wafers have been piranha treated with a 3:7 solution of H2SO4:H2O2 for 1 hour at 75°C followed by etching with 5% 
HF for 2 min to remove the native oxide. This process has been repeated twice to obtain hydrogen-passivated Si 
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(100) surface. Details of monolayer deposition by SCCO2 process is mentioned elsewhere [18]. Octadecanol 
monolayer on both nanopackaged and chemically prepared surface has been carried out in SCCO2 process.  
4.2.2. Results and Discussion 
Fourier Transform Infrared Spectroscopy (FTIR) analysis has been carried out to confirm the presence of 
monolayer on hydrogen-passivated surfaces prepared using both methods. In aliphatic region (Fig.6), the presence 
of strong symmetric and asymmetric stretch peaks of (-CH2-) at 2850 cm
-1 and 2920 cm-1 respectively and 
asymmetric stretch peak of (-CH3-) at 2960 cm
-1 confirms the presence of molecules on surface [18].  
  
Fig.6. FTIR spectra have been taken in reflectance mode. Aliphatic region spectra of octadecanol monolayer deposited via SCCO2 process on: 
(A) nanopackaged passivated Si (100) and (B) wet chemically etched Si (100). FTIR spectra have been plotted as change in reflectance of 
substrate with respect to background (ǻR/R) vs. wavenumber. 
Deposited monolayers have been tested for their passivation capabilities against ambient atmosphere. Under 
ambient atmosphere, hydrogen-passivated surface is stable only for 20-30 min before oxide starts to form on the 
surface. The presence of monolayer on surface provides better passivation against ambient atmosphere, hence both 
nanopackaged and wet chemically etched samples have been kept in ambient air after monolayer deposition and the 
presence of oxide formation has been observed using X-Ray photoelectron spectroscopy (XPS). As shown in Fig.7, 
absence of SiOx peak from 102-104 eV in Si 2p spectra demonstrates that the deposited monolayer is able to 
passivate the surface for more than 10 days without any oxide formation.  
Fig.7. XPS spectra of Si2p peak of octadecanol monolayer deposited via SCCO2 process on (A) nanopackaged Si (100) and (B) wet 
chemically etched Si (100). Peaks are referenced with respect to C1s peak at 285 eV. Peak from 98-101 eV is attributed to bulk Si while peak 
from 102-104 eV (shown in inset) is attributed to SiOx peak.
(A)
(B)
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To observe the effect of hydrogen-passivated surface material on the monolayer deposition quality, comparative 
hydrolytic stability tests have been conducted on both nanopackaged surface and wet chemically etched surface. 
Due to high polarity of Si-O surface bond, hydrolysis of surface bond takes place and enhances a decrease in surface 
concentration of hydrophobic aliphatic chains, resulting a decrease of the contact angle [19, 20]. The substrates with 
the deposited monolayer have been immersed in fresh and continuously stirred DI water and contact angle has been 
measured using a goniometer. As shown in Fig.8, nanopackaged surface demonstrates a better resistance against 
surface bond hydrolysis as compared to wet chemically prepared surface. This difference can be attributed to higher 
and uniform density of monolayer on former substrate. Higher density acts as more effective diffusion barrier for 
water molecules to hydrolyze surface bond as compared to monolayer with pin holes which might be the case with 
wet chemically prepared surface.  
  
    
Fig.8. Hydrolyitc stability analysis of octadecanol monolayer deposited on (A) nanopackaged surface and (B) wet chemically etched surface.  
5. Conclusion 
The concept of nanopackaging and the associated fabrication process have been successfully achieved. A Si(001)-
(2x1):H reconstructed surface has been demonstrated, free of any contamination added during the transportation. 
After a successful sample debonding, the hydrogen-passivated surface has been used for hydrogen atom desorption 
for single molecule logic gate technologies and a well-ordered hydrogen-passivated surface enabling the 
construction of dangling bonds nanostructures has been observed. Self-assembled monolayer grafting in a 
supercritical carbon dioxide process has been achieved. Nanopackaged surface has shown more resistive against 
surface bond hydrolysis implying better monolayer formation. Other molecule depositions will be tested in order to 
confirm these promising preliminary results. These nanopackaging devices including a protected surface open a new 
approach in the collaboration between different research laboratories. Microelectronic robust processes on surface 
preparation at the atomic scale are now available and these improved substrates can be used for UHV applications or 
self-monolayer assembly studies.  
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